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Noble-gas-induced  collisional  broadening  of  the  6P\n-6Pyn  transition 
of  T1  measured  by  Raman  echoes 
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(Received  5  November  1981) 

We  implement  the  Raman  echo  for  the  first  time  in  collision  studies  to  measure  the 
noble-gas-induced  broadening  of  the  6P1/2-6P3/2  transition  of  atomic  thallium.  Except  in 
the  case  of  He,  the  measured  broadening  cross  sections  He  59(2),  Ne67(2),  Ar  124(4), 

Kr  167(5),  and  Xe 204(6)  A2  (T=840  K),  agree  with  those  calculated  assuming  a  pure  van 
der  Waals  collisional  interaction.  Our  measurements,  sensitive  to  collisionally  induced 
changes  in  axial  velocity  of  >  300  cm/sec,  reveal  that  collisional  velocity  changes  of  that 
magnitude  are  not  important  in  T1 — noble-gas  collisions. 


As  numerous  experiments  in  the  last  few  years 
have  indicated,1'9  optical  echo  techniques  are  very 
well  suited  to  the  study  of  low  perturber-gas 
pressure  and  impact-regime  collisional  broadening 
measurements.  The  Doppler-free  character  of  the 
echo  technique  facilitates  precision  measurements 
of  both  the  phase  changing  or  inelastic  aspect  of 
collisions  as  well  as  the  velocity-changing  aspect  of 
atomic  collisions.  In  this  paper,  we  report  the 
results  of  a  Raman  echo  study  of  the  noble-gas- 
induced  broadening  of  the  electric  dipole  forbidden 
7793-cm-1,  ^P\nm^sn  transition  of  atomic 
thallium.  This  experiment  marks  the  first 
application  of  the  Raman  echo  to  the  study  of 
collisional  broadening,6  and  demonstrates  that 
echo  collisional-broadening-measurement 
techniques  are  applicable  even  when  the  transition 
of  interest  is  electric  dipole  forbidden  and  in  the 
near  infrared.  Since  other  collisional-broadening- 
measurement  techniques  are  difficult  to  apply  in 
such  cases,  it  is  not  surprising  that  collisional 
broadening  of  the  bP\n-6Pia  transition  in  T1  has 
not  been  studied  previously.  For  the  excitation- 
pulse  separations  used  in  our  experiment,  no 
velocity-changing  effects  associated  with  Tl-noble- 
gas  collisions  are  observed.  The  measured 
collisional  broadening  cross  sections  are,  except  in 
the  case  of  He,  in  excellent  agreement  with 
broadening  cross  sections  calculated  assuming  a 
pure  van  der  Waals  collisional  interaction. 

The  Raman  echo6,7  is  the  two-photon  analog  of 
the  ordinary  photon  echo.1  The  procedure  for 
generating  Raman  echoes  by  copropagating 
excitation  pulses  is  essentially  identical  to  that  used 
for  generating  two-pulse  photon  echoes.  For 


Raman  echo,  each  excitation  pulse  must  contain 
radiation  at  two  frequencies  [see  Fig.  1(a)]  whose 
difference  equals  the  frequency  of  the  1 0)- 1 2) 
Raman  transition  [see  Fig.  1(b)].  A  Raman  echo  is 
observed  if  a  probe  pulse  is  applied  according  to 
the  time  sequence  of  Fig.  1(a).  In  our  experiment, 
the  (0)  and  |  2 )  states  correspond  to  the 
hyperfine  levels  of  the  6P1/2  ground  state  and  the 
6P3/2  metastable  excited  state,  respectively.  The 


t*o,  - n  > 


FIG.  1.  (a)  Two  dual-frequency  excitation  pulses  and 
a  single  frequency  probe  pulse  are  used  to  create  the  Ra¬ 
man  echo-signal  pulse  (dashed  border).  All  laser  pulses 
and  echo-signal  pulse  copropagate  in  our  experiment. 

(b)  The  two-photon-difference-frequency  excitation  pro¬ 
cess,  utilized  in  creating  the  Raman  echo,  is  depicted  in 
a  simple  three-level  atomic  system.  The  1 1  >  state 
serves  as  the  “intermediate  state**  in  the  excitation  and 
probing  processes. 
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intermediate  state  1 1  >  corresponds  to  the  7Sl/2 
state. 

Echo  signals  depend  on  the  persistence  of  order9 
(which  is  introduced  into  the  echo  material  by  the 
first  excitation  pulse  and  is  modified  by  subsequent 
excitation  pulses)  until  the  time  at  which  the  echo 
signal  is  emitted.  Collisions,  however,  tend  to 
thermalize  the  sample  before  the  echo  signal  can  be 
emitted.  Since  collisions  themselves  are  charac¬ 
teristic  of  inherent  atomic  or  molecular  parameters 
and  independent  of  the  type  of  echo  being  studied, 
it  follows  that  differences  in  the  collisional  degra¬ 
dation  rates  associated  with  various  echo  effects 
can  arise  only  if  the  nature  of  the  order  associated 
with  various  echo  effects  is  different.  In  the  case 
where  dispersion  is  neglected  and  both  frequency 
components  of  the  Raman  echo  excitation  pulses 
are  copropagating,  it  is  straightforward  to  show 
that  each  dual-frequency  pulse  affects  the  sample 
in  the  same  fashion  as  would  a  single-frequency 
pulse  which  is  directly  resonant  with  the  1 0)- 1 2 ) 
transition  and  copropagates  with  the  dual¬ 
frequency  pulse.  It  can  be  further  shown  that 
under  the  above  conditions  the  Raman  echo  induc¬ 
ing  order  introduced  into  the  sample  is  identical  to 
that  which  would  be  induced  in  a  two-pulse  photon 
echo  experiment  conducted  on  the  same  1 0)  —  |  2 ) 
transition.  It  follows  that  collisions  will  degrade 
the  Raman  and  two-pulse  photon  echoes  in  the 
same  way.  Since  the  Raman  echo  experiments 
described  here  were  conducted  with  copropagating 
laser  pulses,  we  can  therefore  apply  the  standard 
treatment3  of  collisional  degradation  of  photon 
echoes  to  analyze  our  Raman  echo  results.  If  the 
frequency  components  of  the  Raman  echo  excita¬ 
tion  pulses  are  not  copropagating,  the  spatial 
periodicity  of  the  phase  information  introduced 
into  the  sample  would  not  be  the  same  as  it  would 
be  when  induced  by  direct  single-photon  excitation. 
As  a  result  the  effect  of  collisional  velocity 
changes  will  be  different  in  the  two-pulse  photon 
echo  and  Raman  echo  cases.  In  the  above  discus¬ 
sion,  we  have  neglected  relaxation  processes  occur¬ 
ring  during  the  excitation  pulses.  These  may  differ 
in  one-  and  two-photon  excitation  cases  because  of 
the  importance  of  the  intermediate  state  in  two- 
photon  excitation. 

As  a  function  of  perturber  gas  pressure  P,  the 
Raman  echo  intensity,  /*E,  is  expected  to  obey3 

/*E(/»)=/*E(0kxp(  —fiP) ,  (1) 

where  /“«»  is  the  echo  intensity  in  the  absence  of 
perturber  gas. 


4 VrT 

>  (2) 

vr  =  V&kBT/nn  is  the  mean  radiator  perturber 
relative  speed;  kg  is  the  Boltzmann's  constant;  T  is 
the  absolute  temperature;  /x  is  the  Tl-perturber  re¬ 
duced  mass;  r  is  the  excitation-pulse  separation, 
and 

.  (3) 

The  effective  echo  decay  cross  section10  o^r)  is 
comprised  of  aBf  which  is  the  r-independent  col¬ 
lisions]  broadening  cross  section,  and  a  in¬ 
dependent  effective  velocity-changing  collision 
cross  section  ap.  The  broadening  cross  section  aB 
is  identical  with  the  broadening  cross  section  mea¬ 
sured  in  traditional  pressure  broadening  studies. 

At  sufficiently  long  r,  a0{r)  becomes  constant  and 
represents  the  total  cross  section  for  velocity¬ 
changing  collisions.  At  intermediate  r,  o„(r) 
represents,  roughly  speaking,  the  cross  section  for 
velocity-changing  collisions  in  which  |  k  Aur  |  >  1, 
where  k  is  the  magnitude  of  the  wave  vector  asso¬ 
ciated  with  the  echo  transition,  and  Au  is  the 
change  in  velocity  (along  the  excitation  direction) 
which  occurs  in  the  collision.  We  note  that  the 
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FIG.  2.  Experimental  set-up  for  measuring  the 
noble-gas-induced  collisions]  broadening  of  the  6Pl/2- 
61*3/2  transition  of  T1  by  the  Raman  echo  technique. 

The  Fabry-Perot  etakms  are  used  to  monitor  the  dye 
laser  frequencies.  A  pockets  cell  optical  shutter  is  intro¬ 
duced  to  reduce  the  excitation  pulse  leakage  through  the 
analyzing  polarizer  W. 
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FIG.  3.  The  energy  levels  and  their  separations  of  in¬ 
terest  of  thallium.  The  detuning  of  the  laser  fields  from 
the  F=  l,  lS\n  intermediate  state  is  denoted  by  A.  The 
difference  in  hyperfine  structure  (isotope  shift  and  split¬ 
tings)  between  and  is  small  (see  Ref .  12)  and 
is  not  resolved  in  our  experiment. 


often  used  collision  broadening  rate  yB,  which 
gives  the  halt-width -at -half -maximum  of  the  col- 
lisionally  broadened  line  in  units  of  rad  cmVsec,  is 
related  to  oB  through 

YB^vraB  .  (4) 

Since  our  Raman  echo  apparatus  (see  Fig.  2)  is 
described  elsewhere,11  we  present  here  only  the  de¬ 
tails  relevant  to  our  broadening  measurements. 

The  Raman  echo  excitation  pulses  are  supplied  by 
Nrlaser-pumped  dye  lasers,  have  an  8-GHz  spec¬ 
tral  width  and  a  5-nscc  temporal  width.  Experi¬ 
ments  were  conducted  with  the  excitation-pulse 
separations  r=20,  33.5,  and  61  nsec.  For  20 
and  33.5  nsec  the  excitation  pulses  (at  and  a)2) 
were  detuned  by  an  amount  of  A=43  GHz  from 
resonance  with  the  1  hyperfine  level  of  the 
IS i/2  intermediate  state  (see  Fig.  3).  The  hyperfine 
structure  of  the  6Pyn  state  is  sufficiently  small 
that  our  excitation  pulses  do  not  resolve  it.  Mea¬ 
surements  have  also  been  made  by  exciting  the 
F=0  hyperfine  level  of  the  6Pl/2  ground  state. 

For  the  r=61  nsec  case,  the  loss  of  laser  power  in¬ 
troduced  by  the  longer  optical  delay,  made  it 
necessary  to  set  A  *0  for  those  measurements. 

The  thallium12  vapor  of  natural  isotopic  concentra¬ 
tions,  i.e.,  29.5%  *T1  and  70.5%  “Tl,  is  main¬ 
tained  in  a  1.5-incb  diameter  stainless-steel  heat- 
pipe-type  cell13  which  is  cooled  at  the  ends.  Dur¬ 


ing  our  experiments,  the  T1  density  is  maintained 
at  s*  1013  cm'3,  which  corresponds  to  cell  tempera¬ 
tures  near  570 #C.  TI-TI  collisions  are  expected  to 
be  negligible.  Perturber  gas,  whose  pressure  (rang¬ 
ing  from  —0—5  torr)  is  monitored  by  a  capaci¬ 
tance  manometer,  can  be  admitted  to  the  cell.  The 
echo  signal  is  monitored  on  a  photomultiplier  tube 
(PMT)  whose  output  current  is  integrated  and  read 
by  a  PDP-8/e  computer.  The  computer  also  moni¬ 
tors  the  perturber-gas  pressure.  In  an  experimental 
“run,”  thj  echo  intensity  is  monitored  while  the 
perturber-gas  pressure  is  first  increased  and  then 
returned  to  its  original  value.  Several  thousand 
laser  shots  (repetition  rate  «5  Hz)  are  measured  in 
each  run.  We  found  that  the  dependence  of  the 
echo  intensity  on  perturber  pressure  was  well 
described  by  Eq.  (1)  (see  Fig.  4).  Values  of  P  and 
hence  o^r)  were  determined  by  least-squares  fits 
to  the  data. 

The  results  of  our  measurements  (obtained  while 
exciting  the  F—  1  hyperfine  level  of  the  6 P1/2  state) 
are  presented  in  Table  I.  The  cross  sections  ob¬ 
tained  by  exciting  the  F=0  6 Pxn  level  are  the 
same  within  our  experimental  accuracy.  Since  our 
S-nsec  excitation  pulse  widths  are  non-negligible 
compared  to  r,  we  assume  a  minimum  fractional 
uncertainty  in  our  values  determined  by  one- 
half  the  excitation  pulse  width  divided  by  2r.  The 
uncertainties  presented  in  Table  I  represent  the 
larger  of  the  statistical  or  pulse  width  induced  un¬ 
certainties.  In  separate  measurements  of  at 
r=20  and  33.5  nsec  obtained  with  A=0,  we  found 
that  the  cross  sections  were  slightly  higher  than 


KrPftESSUJtt  ft*rr) 

FIG.  4.  Raman  echo  intensity  vs  Kr  pressure.  Each 
point  represents  an  average  of  150  or  more  laser  shots. 
The  straight  line  is  a  least -squares  fit  of  Eq.  (1). 
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TABLE  I.  The  noble-gas-itiduced  collision*)  broaden¬ 
ing  cross  sections,  or^r),  deduced  from  Raman  echo 
studies  of  the  1>P\n-6P*n  transition  of  TI.  Measure- 
menu  were  performed  at  r=*570#C. 


Perturber 

r=20  nsec 

t=33.5  nsec 

r=61  nsec 

He 

59  (4)  A1 

61  (2)  A2 

58  (2)  A2 

Nc 

65  (4) 

68  (3) 

68  (4) 

At 

121  (8) 

126  (5) 

126  (5) 

Kr 

167  (10) 

171  (6) 

163  (7) 

Xe 

207  (13) 

206  (  8) 

198  (8) 

those  obtained  with  A =43  GHz.  We  infer  from 
this  result  that  cotlisional  relaxation  of  lS{n-bPx/2 
and  lS\n-6Pi/i  transitions  (superpositions14)  be¬ 
comes  important  when  A=0.  The  extent  to  which 
such  relaxation  is  important  depends  on  experi¬ 
mental  details  such  as  the  temporal  width,  shape, 
and  overlap  of  the  two  frequency  components  of 
each  excitation  pulse,  and  can  be  minimized  by 
making  the  components  of  the  excitation  pulses 
short  and  cotemporal  or  by  using  non-inter- 
mediate-state  resonant  (A^O)  excitation. 

The  fact  that  a^r)  is  r  independent  has  two 
possible  explanations.  One  is  that  we  are  already, 
at  r=20  nsec,  in  the  long-r  region  for  o„(r).  This 
implies  that  essentially  all  velocity  changes  which 
occur  in  Tl-noWe-gas  collisions  satisfy 

I  *Ayr  |  >  1  or  Au  >  1000  cm/sec  . 

However,  based  on  results  obtained  in  studies  of 
Na— noble-gas5  and  Li— noble-gas10  collisions  and 
on  the  fact  that  71  is  quite  massive,  it  appears  un¬ 
likely  that  At?  is  so  large.  The  other  explanation 
for  the  r-independence  of  is  that  o0(r)  is  negli¬ 
gibly  small  compared  to  oB  even  for  r=61  nsec. 
For  this  to  be  true  there  must  be  an  insignificant 
number  of  velocity-changing  collisions  (compared 
to  those  which  are  primarily  phase  disrupting)  in 
which  Au  >  300  cm/sec.  This  result  is  reasonable 
in  light  of  the  large  mass  of  Tl;  accordingly,  we 
equate  our  with  oB. 

If  we  assume  that  the  Tl— noble-gas  interaction 
is  exclusively  of  the  van  der  Waals  type,  we  can 
calculate  the  expected  collisional-broadening  cross 
sections.  Following  Ref.  15,  oB  is  found  to  be 
given  by 

ot -4.0 ,  (5) 

where  C*  is  the  van  der  Waals  coefficient  and  is 


TABLE  II.  A  comparison  of  the  noble-gas-induced 
collisional  broadening  cross  sections  of  the  6P1  n^Pm 
transition  of  71  as  measured  using  Raman  echoes  and  as 
calculated  (see  text).  The  cross  section  9^  represents 
o^r)  (see  Table  I)  averaged  over  the  three  values  of  r. 
A  temperature  of  840  K  was  assumed  in  the  calculation 
of  <7*.  The  noble  gas  polarizabilities  a d  were  obtained 
from  Ref.  16. 


Perturber 

a$  (Calc.) 

«4 

He 

59  (2)  A2 

37  A2 

2.05x10-“  (cm1) 

Ne 

67  (2) 

65 

3.95 

Ar 

124  (4) 

129 

16.4 

Kr 

167  (5) 

171 

24.8 

Xe 

204  (6) 

222 

41.2 

given  by 

C6=e2aj((r2)tv-(r,2)„y) .  (6) 

Here,  e  is  the  electronic  charge,  ad  is  the  polariza¬ 
bility  of  the  noble-gas  atom,  and  (r*  )iV((r/}lv)  is 
the  average  value  of  the  radius  squared  of  the  elec¬ 
tron  in  the  upper  (lower)  state  of  the  broadened 
transition  (in  our  case  the  6P\/2-6P*/2  transition). 
An  approximate  expression  for  (rk  )lv  is  given  by 

<r*)«v  =  7aon*2[5w*2+l— 3/(/  +  1)] ,  (7) 

where  a0  =  5.292  X 10^9  cm  is  the  Bohr  radius,  n* 
is  the  effective  principal  quantum  number  of  state 
k,  and  /  is  the  orbital  angular  momentum  quantum 
number  of  state  k.  We  determine  n*  through  the 
relation 

where  Rw  =  109737.3  cm'1  is  the  Rydberg  con¬ 
stant,  and  Ek  is  the  energy  of  state  k.  We  find 
«*(6Fi/2)=  1.492  and  n*(6Pm)  =  1.627.  Then,  as¬ 
suming  a  temperature  of  840  K,  we  arrive  at  the 
values  of  aB  presented  in  Table  II.  The  polariza¬ 
bilities  used16  are  also  given  in  the  Table.  Compar¬ 
ing  the  calculated  value  of  oB  with  &&  [i.e.,  o^r) 
averaged  over  the  three  values  of  r]  we  find  that 
agreement  is  exceptional  except  for  He,  and  in 
light  of  the  simplicity  of  the  model  perhaps  ac¬ 
cidental.  However,  at  least  for  the  three  heavier 
noble  gases  a  primarily  van  der  Waals  interaction 
is  reasonable. 

Self-broadening  of  the  electric-dipole  forbidden 
transition  in  71  can  be  studied  by  the  measurement 
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of  the  Raman  echo  intensity  as  a  function  of  exci¬ 
tation  pulse  separation  r.  To  make  the  self¬ 
broadening  important,  the  measurement  must  be 
performed  at  high  T1  number  density,  and  using  a 
nonintermediate-state  resonant  (A?tO)  Raman  echo 
to  reduce  the  problem  of  absorption.11  It  would  be 
interesting  to  see  such  measurements  performed. 
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